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Abstract Changes in water pH and colour since the

late 1980s were studied in 35 small boreal lakes of

varying hydrological and landscape settings but

similar climate and acid deposition. The data was

collected during the autumnal overturn on the annual

basis except in lake with weekly sampling during the

ice-free period. In addition to the deposition data

information about catchment soil types as well as

local meteorological and hydrological conditions

were used for the long-term data interpretation. The

lakes are situated in a small area in southern Finland,

130 km north from Helsinki, where sulphate deposi-

tion declined by [60% in one decade since the mid-

1980s. The results showed that water colour

increased in most lakes while pH did not. In lakes

dominated by surface runoff there was a distinct

upward shift in colour, with an initial increase after

the mid-1990s and a second increase in 2004. The

first shift appeared when the sulphate deposition

reached a level ca. 25% of that in 1988. However, the

upward shift in colour also coincided with a change

in hydrological conditions after several dry summers.

In contrast, the second shift in colour clearly

coincided with a switch in hydrology due to the

abnormally wet summer of 2004 after severe drought

in 2002–2003. Although the hydrological conditions

indisputably had a key role in determining the annual

variability in colour, a distinct negative relationship

between acid deposition and water colour in 90% of

the lakes strongly suggested that reduction in sulphate

deposition fostered the leaching of coloured organic

substances from the catchment soils. Increase in

colour, in turn, strongly influenced lake water pH,

and the present day higher organic matter concentra-

tions seemingly depress pH values more than in the

1980s, before the reduction in acid deposition.
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Introduction

According to Vuorenmaa (2007) average sulphate

deposition decreased in Finland by 45–70% from the

1980s to 2003, being strongest in southern Finland.

Nitrogen deposition also decreased, but clearly less

than sulphur deposition (Ruoho-Airola et al. 2004;

Vuorenmaa 2004). As a consequence of the decline in

L. Arvola (&) � T. Tulonen

University of Helsinki, Lammi Biological Station,

16900 Lammi, Finland

e-mail: lauri.arvola@helsinki.fi

M. Rask � J. Ruuhijärvi � J. Tulonen

Finnish Game and Fisheries Research Institute,

Evo Fisheries Research Station, 16970 Evo, Finland

J. Vuorenmaa

Finnish Environment Institute, 00251 Helsinki, Finland

T. Ruoho-Airola

Finnish Meteorological Institute, 00101 Helsinki, Finland

123

Biogeochemistry (2010) 101:269–279

DOI 10.1007/s10533-010-9473-y



sulphuric acid deposition, there has been a slight, but

consistent, recovery in lake water pH in many of the

most severely acidified lakes (Mannio 2001;

Vuorenmaa et al. 2006; Vuorenmaa and Forsius

2008). In agreement with the elevated pH values, the

fish populations of many previously acidified lakes

have responded to the improved conditions by more

successful reproduction compared to the 1980s (Rask

et al. 1995; Nyberg et al. 2001; Tammi et al. 2005).

Chemical recovery of acidified surface waters has

also taken place elsewhere in Europe and North

America (Stoddard et al. 1999; Evans et al. 2001,

2005; Skjelkvåle et al. 2005).

Together with decreasing acidic deposition, a rise

in dissolved organic matter (DOM) concentration in

lakes and rivers has been recognized as another wide

spread phenomenon (e.g. Mattsson et al. 2005;

Skjelkvåle et al. 2005; Roule and Moore 2006;

Monteith et al. 2007). DOM concentrations have

increased in lakes and rivers in the northern Hemi-

sphere since the early 1990s, and the rise in DOM has

been considered integral to the decreased sulphate

deposition and recovery from acidification (Stoddard

et al. 2003; Evans et al. 2001; Vuorenmaa et al. 2006;

Monteith et al. 2007). Krug and Frink (1983)

proposed that as a consequence of increasing pH

the solubility of soil organic matter may increase,

which could explain the elevated organic carbon

concentrations in freshwaters. A number of studies

have shown that increasing the ionic strength in soil

solution reduces the rate of DOM release from the

soil (Tipping and Hurley 1988; Evans et al. 1988;

Vance and David 1989; Kalbitz et al. 2000).

Decreasing atmospheric deposition reduces ionic

strength of the soil solution and thereby should lead

to an increasing DOM release from the soil. Other

theories have also been proposed, including the effect

of elevated temperature, atmospheric carbon dioxide

concentrations and nitrogen deposition (e.g. Schin-

dler 1998; Freeman et al. 2001, 2004; Pregitzer et al.

2004). Moreover, changes in long-term hydrology

have been shown to be an important contributor in

regulation of DOM fluxes from catchments (e.g.

Worral and Burt 2007). For Swedish rivers Erlands-

son et al. (2008) have shown that flow emerges as an

important long-term driver of DOM variability (see

also Tranvik and Jansson 2002), a result which is

consistent with data from Finnish rivers (Arvola et al.

2004).

In this study we focus on the water chemistry of

small forest lakes from the same small geographical

area in southern Finland where sulphate deposition

decreased by 60% within a decade between 1985 and

1995 (Ruoho-Airola et al. 1998; Moldan et al. 2001).

In order to understand how the lakes and their

catchment areas have responded to the reductions in

acid deposition, we analysed the long-term changes

in pH and colour in a number of lakes in relation to

the hydrogen ion, nitrate and sulphate deposition as

well as to the catchment soil types and lake landscape

position. The water chemistry records for some of the

lakes go back to the late 1970s, but from a vast

majority of the lakes records cover the last

?20 years. The study lakes provide a unique data

set of this kind in Finland because all the lakes are

close to each other and have been sampled annually

exactly at the same, and no changes in the analytical

methods have taken place in the course of the study

period (see Järvinen et al. 2002).

The data set provides us an opportunity to analyse

not only the long-term patterns in lakes’ pH and

colour but also some of the key factors which may

regulate and modify the recovery of small boreal

lakes from acidification. Hence by using the available

data we addressed the following questions: (1) Are

any long-term trends in water pH and/or colour

evident in the study lakes? (2) Regarding to the

patterns in pH and colour are the lakes behaving in a

coherent way or are there differences between the

lakes in relation to their landscape settings and/or soil

type? (3) Can any changes in pH and colour be

explained as a result of reductions in sulphate, nitrate

and hydrogen ion deposition?

Materials and methods

The 35 study lakes are situated in the Evo forest area,

130 km north of Helsinki (Fig. 1). The Evo area is

sparsely populated and the only major direct human

disturbance on the catchments and lakes is forestry.

The lakes are small and they are inter-connected

hydrologically (see Arvola et al. 1990; Järvinen et al.

2002); this means that many of the lakes contribute to

a lake-chain which starts from the uppermost head-

water lakes such as Lake21, Lake30 and Lake3, and

which drains down to the lowermost lake within the

chain, 2. Altogether the lakes and their catchments
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form a larger drainage area situated in the uppermost

reaches of the fifth largest river basin in Finland, the

River Kokemäenjoki. Most of the study lakes have

one or more inflows and one outflow, and can be

considered as lakes fed predominately by surface-

runoff while a smaller fraction of the lakes are

seepage lakes without any visible inflowing streams

or outflow. Collectively these lakes are considered as

ground-water lakes. One lake, Lake28, has several

large springs on its bottom and this lake has been

classified as a spring lake, thus a separate type among

the groundwater lakes. Correspondingly, the soil

types also vary between the lakes. Groundwater lakes

are typically situated on the glacio-fluvial sandy

deposits in the lower part of the area and surface

runoff lakes on the till deposits in the upper areas.

Some basic information about the study lakes and

their catchments is given in Table 1.

The lakes were sampled once a year, at the end of

October or during the 1st week of November (usually

during week 44), just before freezing, when the lakes

have their autumnal turnover (Salonen et al. 1984).

This is why samples were collected only from the

uppermost 1 m water layer. Sampling was organised

such that all the lakes were sampled within 1 week,

usually within 2–3 days. The samples were kept dark

and cold and immediately after each sampling day

transported to the laboratory of Lammi Biological

Station, University of Helsinki. This laboratory is

only 20 km from the study area, and thus the samples

were fresh when the technicians started their prepa-

ration for the analyses. Analyses were carried out

according to standard methods (see Arvola et al.

1996). Water colour was used as a proxy for

dissolved organic matter. Colour was measured from

the very beginning of the monitoring programme

while dissolved organic carbon (DOC) measurements

started later and only from one lake, Valkea-Kotinen,

contemporary results of DOC and colour are avail-

able. The results cover, however, all seasons because

of high frequency sampling in that lake, and the data

set is 18 years long. Therefore the results of that lake

are given as an example of the correlation between

colour and DOC.

The Finnish Meteorological Institute provided the

local deposition and meteorological data, and the

Finnish Environment Institute provided the hydro-

logical data. The meteorological data are based on

two meteorological stations. One is in the middle of

the Evo study area and the other is at Lammi

Northern Europe  The study area

Fig. 1 Map of the study area. In the centre of the larger map the WGS84 coordinates are lat 61.21500, lon 25.13900. Lakes have

corresponding numbers as in Table 1. Arrow point the way of water down from the larger catchment
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Biological Station 20 km south of the Evo area. The

local hydrological data come from the outlet of

Valkea-Kotinen, one of the study lakes, where there

has been a permanent hydrological measuring station

since 1988. The local deposition data come also from

Valkea-Kotinen research area. Another set of long-

term hydrological data comes from the River Mus-

tajoki, which originates from the Evo area but flows

down to Lake Pääjärvi, about 10 km SW from

Lammi Biological Station. The information about

soil types is based on the soil maps prepared by the

Geological Survey of Finland.

Table 1 The 35 study lakes and their basic characteristic

Lake number Lake name SA CA Hydrology Soil type pH Colour

1 Alinen Mustajärvi 0.7 4.2 GW S 5.37 105

2 Alinen Rautjärvia 45 768 SW S 6.56 143

3 Haarajärven Valkjärvi 2.1 10.44 SW/GW T 6.34 104

4 Haarajärvi 3.5 225.3 SW T 6.29 130

5 Halsjärvia 12.1 34.7 SW S/T 6.54 131

6 Haukilampi 2.3 661.3 SW S/T 6.02 298

7 Hautajärvia 190 805.1 SW T 6.08 248

8 Hokajärvi 447.6 448.1 SW T 6.44 111

9 Horkkajärvi 1.1 62.1 SW T 5.72 319

10 Huhmaria 1.6 102 SW S 6.2 182

11 Iso-Keltajärvi 3.94 805.1 SW T 5.71 368

12 Iso-Mustajärvia 2.62 27.9 GW S 6.46 147

13 Iso-Ruuhijärvi 14.23 177.1 SW T 6.15 255

14 Iso-Valkjärvi 4.2 25.7 GW S 5.61 40

15 Kaitalampi 2.14 20.1 SW S 6.51 113

16 Karhujärvi 0.8 9.6 SW T 4.46 327

17 Keskinen Rautjärvia 14.9 239.9 SW S 6.54 138

18 Majajärvi 3.86 138.5 SW S/T 5.88 275

19 Mekkojärvi 0.3 24.8 SW T 5.94 303

20 Möläkkä 0.9 4.4 GW S 4.89 185

21 Nimetön 0.4 32.3 SW T 5.51 304

22 Onkimajärvi 171.5 171.5 SW/GW S/T 6.23 231

23 Pitkäniemenjärvia 14.4 227.2 SW S 6.35 180

24 Rahtijärvia 13.2 89.9 SW S/T 6.24 212

25 Ruuttana 1 14 SW S 5.95 213

26 Savijärvia 16.6 188.8 SW T 6.28 216

27 Sorsajärvia 15 197.1 SW T 6.28 174

28 Syrjänalunen 0.9 52.4 GW S 6.48 10

29 Särkijärvia 1.8 48 GW S 6.39 186

30 Tavilampi 0.8 18.1 SW/GW S/T 5.9 154

31 Valkea Kotinen 3.4 23.6 SW/GW T 5.98 156

32 Valkea Mustajärvi 13.9 40 GW S 6.46 27

33 Vähä-Keltajärvia 133.8 133.8 SW T 5.82 341

34 Vähä-Valkjärvi 2.3 8.7 GW S 4.72 8

35 Ylinen Rautjärvia 37.6 326.2 SW S 6.5 141

SA surface area of the lake (ha), CA catchment area (ha), GW groundwater fed lake, SW surface-water fed lake, S sandy deposit,

T till deposit, pH water pH, colour (mg Pt l-1)
a The nearest catchment area around the lake only included
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The statistical analyses were made using Systat

9.0, SigmaStat 3.0 and the Mann–Kendall Spread-

sheet for Excel provided by the Finnish Meteorolog-

ical Institute. Significance of long-term trends was

tested by the non-parametric Mann–Kendall Tau-b

test (MK) with Sen’s Slope estimates (Gilbert 1987;

Sen 1968). It computes a coefficient representing

strength and direction of a trend. The relationships

between different variables were tested by the

Pearson Product Moment correlation analysis. Non-

parametric Mann–Whitney Rank Sum Test and an

extension of that, Kruskal–Wallis One Way Analysis

of Variance on Ranks, Dunn’s Method, were used for

detecting differences in the data sets. Principal

Components Analysis (PCA) was applied to relate

the long-term trends (MK z-statistics) of water colour

and pH together with the site specific key variables

(lake area, catchment area, dominant soil type,

hydrology of the lake). Original non-transformed

data was used for the analyses.

Results and discussion

In the study area sulphate deposition decreased very

rapidly and by the mid-1990s was less than 40% of

that in 1988, and a few years later only 25% (Fig. 2).

Nitrate N deposition also decreased but less than S

deposition (Vuorenmaa 2004) since 20 years later

there was still almost 50% left of the 1988 level.

Decrease in hydrogen ion deposition, in turn, was

somewhere between sulphur and nitrate, and thus

40% of initial level in 1988 was left 20 years later.

Concurrently with the decrease in acid deposition the

hydrological conditions may have changed since the

autumnal runoff values decreased (Mann–Kendall;

p \ 0.05) during a period of 1981 till 2005, and

runoff relative to precipitation clearly decreased

(p \ 0.1) since 1977, and at the beginning of 1990s

during four consecutive summer seasons and again at

the beginning of the next decade very low values

were measured during the dry periods. Although the

reasons for the shifts in runoff relative to precipita-

tion are unclear, we suppose that among the key

factors influencing the ratio will be the summer air

temperature, which has increased statistically signif-

icantly (Mann–Kendall; p \ 0.05) since 1977

(Fig. 3). This is supported by the fact that there has

been no change in summer-autumn precipitation

since 1977, which further implies that higher summer

air temperatures may have enhanced evapotranspira-

tion which, in turn, has changed the hydrological

balance in the area. Nothing similar has been reported

before in Southern Finland. However, during that

period there were two wet years, one in 1996 and

another in 2004, the first one between the two dry

periods the second one after the two successive dry

years.

In more than 80% of the 35 lakes water colour

showed positive trends over the study period while

water pH had statistically significant (p \ 0.1)

increasing trend in only one lake and negative trend

in seven lakes (Table 2). In most lakes a clear upward

shift in colour took place around the middle of 1990s.

The colour values were generally higher in surface

runoff lakes on till deposits and lower in lakes on

sandy deposits and fed by groundwater, although the

rate of change in colour was sometimes opposite in

the long-term. This became evident when lakes which

drain through the study area were analysed in detail;

the two uppermost lakes (Lake27 and Lake26) are

situated completely on till deposits, partially also on

sandy deposits, and the lakes downstream from

Lake24 only on sandy deposits, and with a contin-

uous water flow from the uppermost lake to the

lowermost one. In the uppermost three lakes the rate

of change was clearly lower than in the last three

lakes, although all the lakes are predominantly fed by

surface runoff. The most likely explanation for this is

that the downstream lakes receive higher DOC

loadings from the upper parts of the drainage basin

rather than from their own surroundings, and this is

why their colour values have changed more relative

to their initial values than in the upstream lakes with
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Fig. 2 Sulphate deposition in the study area
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already high colour values. If groundwater lakes are

compared with surface-runoff lakes, the distinction

between the different lake types is even more clear

(Fig. 4). In lakes fed by groundwater the rate of

increase was close to zero and significantly different

compared with surface runoff lakes [Kruskal–Wallis

One Way Analysis of Variance on Ranks, Dunn’s

Method; Q with SW(S) was 3.368 and with SW(T)

2.760)] where the slope of trend was clearly higher.

Among the two surface-runoff lake groups the slopes

did not differ from each other (Q = 1.234), however.

Jones and Arvola (1984) have observed that water

colour and DOC were significantly correlated in the

study lakes when the values of different lakes were

compared. However, the relationship between colour

and DOC can be much weaker if results of one lake are

considered. In Lake Valkea-Kotinen, the correlation

coefficient for colour and DOC over the whole study

period based on weekly samples was 0.506 (p \ 0.001,

n = 425). The ratio between colour and DOC, how-

ever, was statistically significantly higher (Mann–

Whitney Rank Sum Test; T = 12,888.0, n [ 117,

p \ 0.001) during the last 5 years (2000–2004) in

comparison with the first 5 years (1990–1994)

indicating that the relationship has changed in the

course of time. There can be several reasons why the

ratio has changed because it is likely to vary depending

on DOC sources, organic matter solubility, concentra-

tion of iron and also due to the hydrological conditions.

Iron had positive significant long-term trends in

46% of the study lakes (Table 2) which is in

accordance with the fact that in many boreal lakes,

in particularly humic lakes, iron and humic sub-

stances are highly inter-connected (Pennanen and

Frisk 1984). Thus, when higher colour values appear

also higher iron concentrations usually can be

recorded. However, the most clear trends in iron

took place in seepage ground-water lakes which was

opposite to the changes in colour.

In Lake Valkea-Kotinen colour values were

clearly higher during wet summers than during dry

summers (Fig. 5), indicating that water pathway out

the catchment may importantly regulate the transport

of dissolved organic substances, and thus water

colour in small lakes. As has been shown by Arvola

et al. (2006), high summer precipitation with com-

plementary discharge may strongly enhance DOC

load from the catchment and also increase the
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concentration of DOC in river water. In the case of

Valkea-Kotinen, the colour values in the lake were

50% higher during the maximum discharge in

comparison to the minimum in outflow. The vari-

ability in discharge was, however, several times

higher compared to the variability in colour.

In spite of the remarkable decrease in acid

deposition water pH had statistically significant

(p \ 0.1) increasing trend only in only one lake

while negative trend was recorded in seven lakes

(Table 2), a result in contradictory to some earlier

observations (Mannio 2001; Vuorenmaa et al. 2006;

Table 2 Mann–Kendall statistics for the trends of water colour, pH and iron

Lake number Lake name Colour pH Iron n

Z p\ Z p\ Z p\

1 Alinen Mustajärvi 2.531 0.01 -1.979 0.05 -0.779 NS 20

2 Alinen Raurtjärvi 3.106 0.01 1.136 NS 2.121 0.05 18

3 Haarajärven Valkjärvi 2.758 0.01 -4.12 0.01 1.622 0.1 20

4 Haarajärvi 2.239 0.05 -0.324 NS 2.206 0.05 20

5 Halsjärvi 3.337 0.01 -0.206 NS 1.195 NS 17

6 Haukilampi 3.213 0.01 -0.247 NS 1.854 0.05 17

7 Hautajärvi 3.749 0.01 -1.73 0.05 2.266 0.01 17

8 Hokajärvi 3.543 0.01 0.124 NS 3.089 0.01 17

9 Horkkajärvi 2.531 0.01 1.006 NS 2.012 0.05 20

10 Huhmari 1.395 NS -0.162 NS 1.33 NS 20

11 Iso-Keltajärvi 3.954 0.01 0.412 NS 1.483 0.1 17

12 Iso-Mustajärvi 3.05 0.01 -0.422 NS 0.941 NS 20

13 Iso-Ruuhijärvi 4.16 0.01 -1.895 0.05 3.089 0.01 17

14 Iso-Valkjärvi 0.303 NS -0.758 NS -2.95 0.01 18

15 Kaitalampi 3.131 0.01 -0.165 NS 2.842 0.01 17

16 Karhujärvi 2.92 0.01 -2.92 0.01 0.876 NS 20

17 Keskinen Rautjärvi 3.172 0.01 1.195 NS 1.936 0.05 17

18 Majajärvi 3.79 0.01 -0.041 NS 1.854 0.05 17

19 Mekkojärvi 1.2 NS -0.487 NS 1.525 NS 20

20 Möläkkä 2.044 0.05 0.324 NS -0.519 NS 20

21 Nimetön 2.368 0.05 -1.622 0.1 -1.33 NS 20

22 Onkimajärvi 3.584 0.01 0.865 NS 0.947 NS 17

23 Pitkäniemenjärvi 1.691 0.1 0.996 NS 2.65 0.01 21

24 Rahtijärvi 2.446 0.05 0.996 NS 2.748 0.01 21

25 Ruuttana 2.295 0.05 -1.057 NS 0.755 NS 21

26 Savijärvi 2.204 0.05 0.695 NS 1.631 NS 21

27 Sorsajärvi 2.513 0.01 0.7 NS 1.936 0.05 17

28 Syrjänalunen 2.659 0.01 0.245 NS 1.015 NS 19

29 Särkijärvi 1.168 NS 0.552 NS 1.265 NS 20

30 Tavilampi 3.374 0.01 0.26 NS 0.584 NS 20

31 Valkea Kotinen 2.266 0.01 0.947 NS – 17

32 Valkea Mustajärvi 0.487 NS 1.168 NS -0.13 NS 20

33 Vähä-Keltajärvi 2.074 0.01 -1.403 0.05 0.305 NS 13

34 Vähä-Valkjärvi 0.28 NS 3.673 0.01 -0.28 NS 19

35 Ylinen Rautjärvi 2.719 0.01 0.783 NS 2.01 NS 17

N number of year. A positive (negative) value of Z indicates an upward (downward) trend. NS not significant
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Vuorenmaa and Forsius 2008). One explanation for

the differences in results between this study and the

previous ones might be that we focused on the late

autumn results while in other studies also results from

other seasons are considered. In our data the October

results from Valkea-Kotinen revealed a close nega-

tive relationship between water colour and pH (r =

-0.542, p \ 0.00001, n = 46), a phenomenon also

recorded in a majority of other study lakes (Fig. 6),

while if the whole data set covering the rest of the

year, except the middle winter, is taken into consid-

eration the relationship was very weak (r = -0.0942,

p = 0.0371, n = 490). This implies that especially

during the summer the key biological processes such

as primary production and organic matter minerali-

sation may also regulate water pH in many of the

small lakes. In the present data the only lakes with

clearly different relationship between colour and pH

were those where groundwater has great influence

and Lake Karhujärvi with abnormally high sulphate

concentration (Rask et al. 1993). The relationship

between colour and pH has not been stable, however,

as the results of Valkea-Kotinen indicated; during the

study period a dramatic increase ([50%) in colour

took place in that lake while water pH did not change.

A similar pattern in colour and pH as in Valkea-

Kotinen was recorded in 65% of the study lakes.
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A strong relationship between sulphate deposition

and water colour in 88% of the lakes strongly

suggests that colour changes in the lakes can be

satisfactorily explained by the reduction in sulphur

deposition (Fig. 7). This relationship did not change

even when the hydrological variability is accounted

for using the residuals of the regression between SO4

deposition and water discharge instead of the SO4

deposition values. The only exceptions from this

common rule were two seepage lakes in the lower-

most part of the drainage basin without any relation-

ships between colour and SO4 deposition as well as

two other lakes on sandy deposits and with a linear

relationship between colour and deposition. Thus, the

results support the hypothesis that reduction in acid

deposition, first of all in sulphate, has caused a

dramatic upward shift in colour as has been proposed

by Monteith et al. (2007). It should be kept in mind

that also nitrate and hydrogen ion depositions were

decreased substantially. Reduction in sulphate depo-

sition was so pronounced however, that their role

might be under-estimated. The results also demon-

strate that varying hydrological conditions can

strongly modify the colour values in lakes. In this

regard the results are in good agreement with those of

Erlandsson et al. (2008). In fact, the short-term

variability in colour caused by the hydrological

conditions appeared approximately in the same range

as the long-term variability. This demonstrates how

difficult it is to distinguish the different factors which

are behind changes in colour and pH. Within our data

set the PCA analysis shows that if the acid deposition

is ignored and only the site specific factors are

considered colour values were more closely related to

the soil and hydrological type of the lakes than to the

catchment and lake area. In contrast, water pH has

almost opposite orientation relative to the hydrology

and soil type of the lakes as well as to water colour

(Fig. 8).

Our results showed that an upward shift in colour

took place in the early of 1990s in the great majority

of the study lakes, a phenomenon which coincided

almost precisely with the timing of the most rapid

reduction in acid deposition and particularly in

sulphur. This support the hypothesis that reductions

in sulphate and other acidic depositions enhanced

organic matter leaching from the catchments,

although the results do not indicate anything about

the processes responsible for the increase in leaching.

The results also demonstrated that there was a

close connection between colour and pH, indicating

that organic matter (i.e. organic acids) reduces pH

now more than in 1980s, before the reduction in acid

deposition. In line with this Vuorenmaa and Forsius

(2008) found that the recovery of acidified humic

lakes has been weaker than that of clear-water

acidified lakes, and the reason is the dominance of

organic anions over SO4 in the humic lakes. This

implies that runoff-induced surges of organic acids

y = 23079x-0.8906

R2 = 0.8035
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Fig. 7 The relationship between annual mean sulphate depo-

sition (mg S m-2) and annual mean water colour (mg Pt l-1) of

the study lakes
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statistics, not the absolute values (see Table 2)
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have suppressed recovery of the buffering capacity in

many of such lakes.

Thirdly, hydrologically distinct lake types clearly

behaved differently in relation to the reductions in

acid deposition as well as changes in the hydrolog-

ical conditions. Ground-water seepage lakes clearly

form a group of lakes where the smallest changes in

colour were recorded and the surface-runoff lakes

on sandy deposits have experienced the most radical

relative changes in this regard. However, the

opposite was found for changes in iron. This

emphasizes that the different elements such as

humic substances and iron have their own specific

processes in the catchments and also sources and

pathways to the lakes. This implies that, although

colour and iron can be strongly correlated particu-

larly in humic lakes, this relationship is not neces-

sarily valid in all circumstances.

Finally, ecological implications of the results of

this study may be remarkable because increasing

colour and DOC values in lakes not only affect the

chemical conditions of lakes but also the physical

properties such as light attenuation and its wave-

length characteristics (Eloranta 1978; Jones and

Arvola 1984) as well as the thermal conditions of

the lakes (Arvola et al. 2010; Huotari et al. 2009). In

addition to the physical and chemical responses,

many metabolic processes and interactions between

organisms as well as organisms and their physical

and chemical environment can be influenced by

changes in DOC, colour and pH (Jones 1998;

Arvola et al. 1999; Kankaala et al. 2006; Huotari

et al. 2009).

In conclusion, the results of this study proved that

in the vast majority of the study lakes colour values

have increased since the end of the 1980s, and the

long-term increase in colour can be accounted for

satisfactorily by the reductions in sulphate deposition

although the role of nitrate and hydrogen ion can not

be overlooked. Instead, the inter-annual fluctuations

in colour have rather to be explained by the variation

of hydrological conditions.
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